All relevant data are within the paper and its Supporting Information files.

Introduction {#sec004}
============

The housefly (*Musca domestica* L.) is a global pest and mechanical vector of more than 100 human and animal pathogens, causing diseases such as salmonellosis, cholera and typhoid fever \[[@pone.0170935.ref001], [@pone.0170935.ref002]\]. While chemical insecticides are still the first line of defense against disease transmission and crop damage by insect pests, their efficacy is being compromised by resistance \[[@pone.0170935.ref003]\]. Resistance to one or more insecticides has been reported in more than 500 insect and mite species \[[@pone.0170935.ref004]\].

For centuries, people have been making use of the insecticidal properties of nicotine \[[@pone.0170935.ref005]\]. Nicotine mimics acetylcholine (ACh) in nerve signaling, causing the development of the insecticide group of neonicotinoids. They are potent selective agonists of insect-nicotinic acetylcholine receptors (nAChRs), causing irreversible blockage of postsynaptic receptors \[[@pone.0170935.ref006], [@pone.0170935.ref007]\], resulting in convulsions and paralysis. Some of the most important members of the group are thiamethoxam, a precursor of clothianidin \[[@pone.0170935.ref008]\] and imidacloprid, which has good contact action and low human toxicity \[[@pone.0170935.ref009]\]. Mutations in nAChRs can cause decreased binding affinity of the insecticide to the receptor by desensitization of the receptor or altering the structure \[[@pone.0170935.ref010], [@pone.0170935.ref011]\]. Furthermore, treatment with the synergist piperonyl butoxide (PBO) can indicate resistance caused by increased metabolism by enzymes \[[@pone.0170935.ref012], [@pone.0170935.ref013]\], e.g. due to increased expression of metabolism-associated genes or mutations which alter the effect of the metabolizing enzymes \[[@pone.0170935.ref014]--[@pone.0170935.ref018]\]. In short, xenobiotics are metabolized in three phases, each with specific metabolic steps. In phase I reactions, cytochrome P450 monooxygenases (P450) primarily oxidate toxic molecules, making them more water-soluble. The process is continued by glutathione-S-transferase (GST) and UDP-glucuronosyltransferase (UGT), which conjugate with the oxidized compounds, producing even more soluble metabolites, which are easier to excrete. Finally, the toxic compounds are transported out of the cell by ABC transporters \[[@pone.0170935.ref018]\].

Spinosad is another good example of using natural compounds as basis for an insecticide group \[[@pone.0170935.ref019]\]. Spinosad is a mixture of two macrocyclic lactones: spinosyn A and spinosyn D isolated from the actinomycete bacterium *Saccharopolyspora spinosa* and has been developed as a commercial insecticide \[[@pone.0170935.ref020]\]. Its mode of action is unique as its primary target site appears to be a subtype of the nAChRs with a proposed secondary target site at the GABA-gated chloride channel \[[@pone.0170935.ref021]\]. Spinosad causes tremors and involuntary muscle contractions, leading to paralysis \[[@pone.0170935.ref020], [@pone.0170935.ref022]\]. Early work with *Drosophila* has shown nAChRs, especially the α6 subunit, to be important in spinosad resistance \[[@pone.0170935.ref023]\]. However, alterations of the nAChR α6 subunit seemed not to be involved in resistant houseflies from the US \[[@pone.0170935.ref024]\] or Denmark \[[@pone.0170935.ref025]\].

The 766b housefly strain was collected in 2005 and has to our knowledge never been exposed to neonicotinoid insecticides, and the farm has no special record of fly problems or control problems. However, this strain showed resistance to the neonicotinoids thiamethoxam (28-fold) and imidacloprid (140-fold). Resistance ratios were not altered by further selection with either of the two neonicotinoids, and resistance levels did not change as a result of adaption to the laboratory \[[@pone.0170935.ref026]\]. Treating 766b houseflies with the synergist PBO lowered the resistance ratios, suggesting metabolic resistance. Furthermore, another study showed low expression of a specific acetylcholine receptor subunit in 766b, which could cause decreased binding of neonicotinoids \[[@pone.0170935.ref006], [@pone.0170935.ref026]\].

In 1997, prior to the introduction of spinosad, a survey was conducted to determine baseline susceptibility of spinosad in Danish houseflies. Here a multi-resistant field strain, 791a, was found to be resistant to pyrethroids, spinosad, neonicotinoids and some anticholinesterases \[[@pone.0170935.ref027], [@pone.0170935.ref028]\]. The 791spin strain is a spinosad-selected strain derived from 791a. Selection with spinosad caused diminishment of the resistance towards fipronil, imidacloprid and thiamethoxam seen for the parental 791a strain \[[@pone.0170935.ref025]\]. Selection with spinosad did not alter the spinosad resistance levels in 791spin compared to the parental 791a strain, maintaining a resistance level of 21-fold and 6-fold for females and males, respectively. The 6-fold resistance is within the natural variation of field strains, classifying males as susceptible and females as resistant. Work regarding the sex-specific resistance \[[@pone.0170935.ref029]\] hypothesized that the resistance factor of the 791spin strain is located on autosome III, the same position as the male-determining factor. Work on expression of three P450 genes, formerly shown to be of importance in resistance, showed overexpression in resistant strains as well as sex-linked overexpression \[[@pone.0170935.ref025]\].

Furthermore, additional six P450 genes have been analyzed by qPCR for differences in expression between resistant and susceptible flies \[[@pone.0170935.ref030]\]. For most of these genes, expression was significantly higher in resistant flies. Four genes, possibly responsible for spinosad resistance, were emphasized with *cyp4g2* as the most likely candidate. However, multiple contributors might be involved. The recent addition of the housefly genome \[[@pone.0170935.ref031]\] has increased the possibilities in gaining more details with regard to resistance in houseflies and for example transcriptome data can be assessed based on the *Musca* genome rather than the *Drosophila* genome or other resources.

Here, we assess the differential expression pattern of 791spin and 766b in comparison with the insecticide-susceptible reference strain WHO-SRS. We looked into P450s as well as other metabolism-associated enzymes. Furthermore, we compare the two resistant strains as 791spin is spinosad-resistant, but imidacloprid-susceptible and 766b is susceptible to spinosad, but resistant to imidacloprid. By including two resistant strains with different resistance profiles, there is focus on genes overexpressed due to a specific resistance profile and not just genes differentially expressed in former field strains compared to a very susceptible laboratory strain.

Materials and Methods {#sec005}
=====================

Housefly strains {#sec006}
----------------

Housefly breeding followed standard laboratory conditions \[[@pone.0170935.ref032]\].

The insecticide-susceptible standard reference strain WHO-SRS was received in 1988 from the Department of Animal Biology, University of Pavia, Italy.

The spinosad-selected 791spin strain was established by selection of the spinosad-resistant field strain 791a \[[@pone.0170935.ref025]\]. The initial selection of 791spin was made by 24 h non-choice feeding sugar impregnated with 71 μg spinosad per g sugar; males (N = 573, 9% survival) and females (N = 406, 32% survival). Selection was repeated in generations 2, 5, 7, 10, 13, 18 and 22 after the initial selection, with increasing concentrations of spinosad. The strain is retained by regular annual selections with spinosad-impregnated sugar. 791spin females were 21-fold spinosad-resistant at LC~50~, whereas 791spin male house flies were 6-fold resistant, which is considered to be within the natural variation in spinosad toxicity of susceptible Danish field populations \[[@pone.0170935.ref033]\]. 791spin flies were considered susceptible to imidacloprid by having low resistance factors (2-fold) at LC~50~ \[[@pone.0170935.ref025]\]. The strain is retained by regular selections with spinosad-impregnated sugar with 3.2 mg spinosad per g sugar, for a maximum of 72 hours.

The neonicotinoid-resistant strain 766b is a laboratory strain derived from a field-collected sample of houseflies (68 males and 50 females) collected in the context of a resistance survey in 2005 \[[@pone.0170935.ref034]\]. Female 766b houseflies were 28- and 140-fold resistant at LC~50~ to thiamethoxam and imidacloprid, respectively. Neither resistance level was altered by selection with the insecticide. However, in the way it was performed, it can't be excluded that a different selection scheme would have given another result \[[@pone.0170935.ref026]\]. 766b flies were 5-fold resistant to spinosad, therefore within the range of susceptibility of Danish field houseflies \[[@pone.0170935.ref025]\].

Insecticide treatment of houseflies {#sec007}
-----------------------------------

Five to seven-day-old adult female houseflies were subjected to a non-choice feeding test with spinosad (88%, 76.1% spinosyn A and 11.9% spinosyn D, DOW AgroSciences). The insecticide was diluted with analytic-grade acetone and impregnated on sugar. Females of the spinosad-selected strain 791spin were given 2 mg spinosad per g sugar \[[@pone.0170935.ref025]\]. Spinosad-susceptible flies were given acetone-coated sugar as a control. All flies had access to water, milk and sugar *ad libitum* before trials. A number of fly batches ranging from 130 to 500 specimens were placed in cages with full access to water and were given excess of granular sugar in a small Petri dish as the only food. The feeding tests were carried out at 25--26°C, 60--65% RH in continuous light. Twenty-four hours upon test start living and fresh looking houseflies were collected by vacuum suction, immediately sedated by cold and killed by freezing. The flies were hereafter kept at -80°C until RNA extraction.

RNA extraction {#sec008}
--------------

Total RNA from whole bodies of houseflies was extracted using the RNeasy Maxi Kit (Qiagen). Pools of flies (approx. 1.2 g equivalent to 60 flies) were thoroughly ground with liquid nitrogen, a mortar and pestle and homogenized with buffer-added β-mercaptoethanol supplied by the RNeasy Kit according to the manufacturer's protocol. Isolated RNA was DNase-treated and concentrated using the RNeasy MinElute Kit (Qiagen). Gel electrophoresis and spectrophotometry (NanoDrop) was performed to assess the integrity and the concentration of each RNA sample, which was dissolved in RNase-free water and stored at -20°C until use. Three biological replicates of all three strains were obtained.

Gene expression quantification by RNAseq {#sec009}
----------------------------------------

For comparison of gene expression nine cDNA libraries was prepared with mRNA selection and fragmentation, strand-specific cDNA synthesis with insert size of 150--400 bp and ligation of adaptors; size selection, PCR amplification, library purification and QC and individual indexing for sequencing. The cDNA libraries were prepared from a) 7 μg RNA from female WHO-SRS, b) 3.7 μg RNA from female WHO-SRS, c) 4.9 μg RNA from female WHO-SRS), d) 7 μg RNA from female 766b, e) 3.1 μg RNA from female 766b, f) 3.6 μg RNA from female 766b, g) 7 μg RNA from female 791spin, h) 4.4 μg RNA from female 791spin, i) 5.6 μg RNA from female 791spin. Some of the samples were also used for qPCR analysis in earlier work.

Sequencing was performed on HiSeq 2500 v3 with rapid run mode (2× 150 bp paired-end reads), and reads were assorted according to indexes. The yield of the nine samples ranged from 2,328 to 2,778 Mb. A total data set of 23,196 Mb was filtered for quality and sorted according to the contig index. Mapping of reads to the housefly genome (GenBank WGS Project: AQPM01) was performed using STAR (version 2.3.0e, <http://code.google.com/p/rna-star/>). Raw read counts were created using HTSeq (<http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html>). Only reads with unique mapping positions were considered for read counting. Paired-end reads that were mapped to the same reference with about the expected insert size were counted as one read. Paired-end reads that were mapped to different references or with an unexpected insert size were counted as two reads. If only one read of a pair was mapped, it was counted as one read. Single-end reads were used straightforwardly. Only reads overlapping exon-features were counted. All reads mapping to features with the same identifier were summed. Hereby, the \"gene\" attribute was used as feature identifier. Reads mapping to multiple features with different identifier were ignored for read counting. A Trimmed Mean of M-values (TMM) normalization was performed using the edgeR (<http://bioconductor.org/packages/release/bioc/html/edgeR.html>). Prior to differential expression analysis, features with very low expression values were removed as weakly expressed features are in general non-informative. Features had to have a counts-per-million value of more than 1 in at least 3 samples; otherwise they were removed, resulting in the removal of 4,285 of the 14,676 features. All further analysis steps were performed with the remaining 10,391 features. Preparation of cDNA, sequencing, mapping and expression profiling was performed by Eurofins MWG GmbH (Ebersberg, Germany).

Annotation and functional classification {#sec010}
----------------------------------------

Annotation of assembled sequences was carried out using BLASTX searches against the NCBI non-redundant protein sequence database in the Blast2GO program. Sequences that shared similarities with known protein sequences in BLASTX searches with significant similarity (E\<1e^-10^) were identified using the online tool InterProScan 5.0.

Results {#sec011}
=======

We obtained close to 102 million RNA-seq reads for the susceptible reference strain WHO-SRS, nearly 98 million for the neonicotinoid-resistant 766b strain and more than 97 million reads for the spinosad-resistant 791spin strain. Reads are made available at NCBI as accessions SAMN06198094-SAMN06198111. More than 90% of the total reads were mapped to the reference database, with nearly all reads mapping uniquely ([Table 1](#pone.0170935.t001){ref-type="table"}). In the differential expression data many genes are represented by more than a single contig. An example of this is the *cyp*12a1 gene, which is represented by two contigs \#LOC101890758 and \#LOC101898453. The cDNA of *cyp*12a1 is 1,772 bp (GenBank: U86618) and contigs are identical to this. In the 5' end of the cDNA the initial approx. 530 bp and 150 bp are strongly diverging between the two contigs, whereas the last approx. 1,250 bp are only having 17 single nucleotide differences. This could be an indication of two closely related genes or alternative splicing of one gene. A total of 27,938 sequences (with cutoff *e*-value \<1e^-5^) were homologous to proteins in the database. We identified 21,776 sequences (78%), which shared significant similarities (E-value ≤1e^-11^) with known protein sequences and 6,162 sequences (22%), which shared weak similarity with an *e*-value 1e^-4^ to 1e^-10^. Further analysis of BLAST data indicated that just 2.7% of the hits had an *e*-value \< 1e^-100^.

10.1371/journal.pone.0170935.t001

###### Statistics on RNA-seq yield and read mapping.

![](pone.0170935.t001){#pone.0170935.t001g}

  Strain        Replicates   Total reads   Mapped reads (%)   Uniquely mapped reads (%)
  ------------- ------------ ------------- ------------------ ---------------------------
  **WHO-SRS**   A1           35,244,689    92.4               85.5
                A2           34,523,370    94.9               90.6
                A3           32,369,450    94.6               90.3
                                                              
  **766b**      B1           34,715,460    93.7               88.3
                B2           30,181,167    93.4               89.4
                B3           32,943,778    94.9               90.1
                                                              
  **791spin**   C1           32,605,782    91.6               83.3
                C2           31,162,300    94.5               89.2
                C3           33,315,509    91.5               83.0

Global expression {#sec012}
-----------------

The primary data for each of the three housefly strains analyzed in this study can be accessed in [S1](#pone.0170935.s001){ref-type="supplementary-material"}--[S3](#pone.0170935.s003){ref-type="supplementary-material"} Tables. The differential expression analysis of genes in 766b and 791spin compared to the reference strain WHO-SRS showed 10,391 sequences. Of these sequences, 76% did not differ significantly between the 766b strain and the reference strain (*p*-value \> 0.05). Furthermore, 68% of the differentially expressed genes (DEGs) were expressed at a higher and 32% of the sequences were expressed at a lower level in 766b compared to WHO-SRS. A similar picture was seen for 791spin, where 73% of the 10,391 genes did not differ significantly from WHO-SRS. Of the remaining 2,810 sequences, 2,020 (72%) sequences were expressed at a higher and 790 (28%) sequences were expressed at a significantly lower level in 791spin compared to WHO-SRS.

A wide range of gene functionalities were represented in the top 20 of highly expressed genes in the resistant strains, including cuticle proteins, P450s and a range of genes with uncharacterized function ([S1](#pone.0170935.s001){ref-type="supplementary-material"} and [S2](#pone.0170935.s002){ref-type="supplementary-material"} Tables). No clear role of the genes with uncharacterized function was observed, with the exception of the highest expressed feature (LOC101889416). When blasting the sequence of this feature, a gene coding for endothelin-converting enzyme 1 (protease involved in proteolytic processing of pro-peptides involved in vasoconstriction in mammals) was suggested.

The highest differential expression in 791spin was observed for the keratin-associated protein 19 and lysozyme 1, expressed up to 1,122- and 577-fold, respectively. Both of these proteins are important for insects, having a role in the building of structures and in the immune response, respectively. In addition to assessing differential expression between resistant flies and an insecticide-susceptible reference strain, we also looked into differential expression patterns between the two insecticide-resistant strains 791spin and 766b. Of the 10,393 sequences which were observed in comparing these two strains, just 14% were differentially expressed. Most of the DEGs (58%) were expressed higher in 791spin than in 766b.

The primary focus of the current study is insecticide metabolism-associated genes. [Fig 1](#pone.0170935.g001){ref-type="fig"} shows the gene expression pattern of these genes in 766b and 791spin compared to the reference strain WHO-SRS. Most of the genes related to metabolism were overexpressed in resistant strains; however, not more than 10-fold for most genes. A few genes were overexpressed in one strain and down-regulated in the other strain, while just one P450 (*cyp4g13*) and one GST (*gst1;* contig 895607) were down-regulated in both resistant strains ([Fig 1](#pone.0170935.g001){ref-type="fig"}).

![Fold changes of gene expression of P450 genes in resistant strains compared to the reference strain WHO-SRS.\
Genes in right-upper and left-lower corner are up-regulated and down-regulated in resistant strains, respectively.](pone.0170935.g001){#pone.0170935.g001}

Differential expression of P450 genes {#sec013}
-------------------------------------

More than 100 contig sequences related to P450 genes were obtained for both resistant strains, with 60--80% being expressed significantly different from the reference strain WHO-SRS. These genes are named based on the naming by Scott *et al*. (2014).

The gene expression pattern of P450 genes differentially expressed in either 766b or 791spin compared to the reference strain, ranging from high down-regulation (dark blue) to high up-regulation (red), is given in [Fig 2A](#pone.0170935.g002){ref-type="fig"}. Most of the P450 genes (66%) were not differentially expressed between the two resistant strains ([Fig 2B](#pone.0170935.g002){ref-type="fig"}). However, three genes showed large (\>8-fold) difference of expression for the two resistant strains; *cyp4g9*, *cyp4g98*, *cyp6g7*.

![Differential expression of cytochrome P450 genes in housefly strains.\
A) Differential P450 gene expression between the susceptible reference strain WHO-SRS (Ref) and 766b and 791spin. B) Differential P450 gene expression between the two resistant strains. Genes include those found to be significant differentially expressed in one or both resistant strains. Genes are named according to classification by Scott *et al*. (2014). The full dataset is available in [S1](#pone.0170935.s001){ref-type="supplementary-material"}--[S3](#pone.0170935.s003){ref-type="supplementary-material"} Tables. Colors represent; down-regulation \> 5-fold (dark blue), down-regulation \< 5-fold (light blue), no fold change (green), up-regulation \< 5-fold (yellow), up-regulation \> 5-fold (red).](pone.0170935.g002){#pone.0170935.g002}

Based on the pattern in [Fig 2A](#pone.0170935.g002){ref-type="fig"}, ten P450 genes of interest were selected along with nine genes tested earlier with quantitative PCR and believed to be of importance in resistance. The exact expression levels and related *p*-values for these 19 P450 genes are given in [Table 2](#pone.0170935.t002){ref-type="table"}. Of the nine genes believed to be important in resistance all but two (*cyp6a36* and *cyp6a37*) were significantly overexpressed in the 766b strain and all, but one (*cyp4g2*) was significantly overexpressed in the 791spin strain ([Fig 2A](#pone.0170935.g002){ref-type="fig"}, [Table 2](#pone.0170935.t002){ref-type="table"}). Four of the nine genes did not differ between resistant flies, while one (*cyp6g4*) was overexpressed in 766b and four were overexpressed in 791spin ([Fig 2B](#pone.0170935.g002){ref-type="fig"}).

10.1371/journal.pone.0170935.t002

###### Differential expression of metabolism-associated genes in housefly strains.

![](pone.0170935.t002){#pone.0170935.t002g}

                                                                                WHO-SRS vs 766b   WHO-SRS vs 791spin   766b vs 791spin                          
  -------------------------------------- ------------------------ ---- -------- ----------------- -------------------- ----------------- ------ --------------- ------
  **Cytochrome P450**                    *cyp4d9*                 1    897209   [0.0021]{.ul}     4.3                  [0.0000]{.ul}     36     [0.0000]{.ul}   8.3
                                         *cyp4d63*                1    894425   [0.0000]{.ul}     190                  [0.0000]{.ul}     218    0.6190          
                                         *cyp4d2*                 1    887882   [0.0082]{.ul}     3.5                  0.3364                   0.0823          
                                         *cyp4g13*                1    887550   [0.0062]{.ul}     -6.5                 [0.0000]{.ul}     -42    [0.0068]{.ul}   -6.4
                                         *cyp4g98*                1    889105   [0.0000]{.ul}     9.2                  0.7893                   [0.0001]{.ul}   -8.1
                                         *cyp6a1*                 1    889365   [0.0229]{.ul}     3.2                  [0.0007]{.ul}     5.6    0.2264          
                                         *cyp6a24*                1    892246   [0.0000]{.ul}     47                   [0.0000]{.ul}     25     0.0905          
                                         *cyp6a36*                1    889539   0.4812                                 [0.0007]{.ul}     3.8    [0.0060]{.ul}   2.9
                                         *cyp6a37*                2    890199   0.4827                                 [0.0119]{.ul}     2.3    0.0667          2.1
                                                                       890373   0.9517                                 [0.0117]{.ul}     2.1    [0.0099]{.ul}   
                                         *cyp6d1*                 2    899746   [0.0003]{.ul}     4.2                  [0.0000]{.ul}     6.4    0.2725          2.2
                                                                       900791   [0.0000]{.ul}     3.8                  [0.0000]{.ul}     8.2    [0.0150]{.ul}   
                                         *cyp6d3*                 1    899585   [0.0000]{.ul}     23                   [0.0000]{.ul}     11     0.0544          
                                         *cyp6g4*                 1    898562   [0.0000]{.ul}     10                   [0.0000]{.ul}     5.0    [0.0419]{.ul}   -2.1
                                         *cyp6g7*                 1    900444   [0.0067]{.ul}     5.7                  0.5473                   [0.0010]{.ul}   -9.8
                                         *cyp6g1*                 1    894510   [0.0001]{.ul}     14                   [0.0012]{.ul}     8.8    0.4064          
                                         *cyp9f12*                1    900658   [0.0013]{.ul}     3.8                  [0.0000]{.ul}     12     0.0046          3.2
                                         *cyp12a1*                2    898453   [0.0001]{.ul}     6.9                  [0.0000]{.ul}     37     [0.0003]{.ul}   5.4
                                                                       890758   [0.0009]{.ul}     6.7                  [0.0000]{.ul}     25     [0.0123]{.ul}   3.7
                                         *cyp12a2*                1    889857   [0.0000]{.ul}     5.4                  [0.0010]{.ul}     3.8    0.3667          
                                         *cyp12g2*                1    893522   [0.0000]{.ul}     33                   [0.0000]{.ul}     24     0.2296          
                                         *cyp313d1*               1    890728   [0.0014]{.ul}     13                   [0.0000]{.ul}     43     0.0828          
  **Glutathione-S-transferase**          *gst1*                   14   897621   [0.0006]{.ul}     3.2                  [0.0000]{.ul}     62     [0.0000]{.ul}   19
                                                                       895036   [0.0000]{.ul}     8.8                  [0.0000]{.ul}     21     [0.0061]{.ul}   2.4
                                                                       895607   [0.0000]{.ul}     -4.2                 [0.0000]{.ul}     -2.9   0.1561          
                                         *gst2*                   2    897094   [0.0001]{.ul}     3.3                  [0.0041]{.ul}     2.3    0.2465          
                                                                       897277   [0.0365]{.ul}     1.9                  [0.0000]{.ul}     4.9    [0.0018]{.ul}   2.5
                                         *gstD7*                  1    897797   0.7188                                 [0.0221]{.ul}     3.4    0.0504          
                                         *gst- theta-1*           5    897781   0.0516                                 [0.0391]{.ul}     1.9    0.9041          
                                                                       888110   [0.0278]{.ul}     -2.5                 0.2343                   [0.0010]{.ul}   4.1
                                                                                                                                                                
  **Esterases**                          *Esterase B1*            14   896625   [0.0004]{.ul}     4.2                  [0.0042]{.ul}     3.2    0.4730          
                                                                       898347   [0.0021]{.ul}     3.4                  [0.0448]{.ul}     2.2    0.2599          
                                                                       900490   [0.0027]{.ul}     3.2                  [0.0004]{.ul}     4.0    0.5570          
                                         *Esterase FE4*           1    890018   0.5695                                 [0.0050]{.ul}     3.7    [0.0234]{.ul}   2.8
                                         *Esterase 5A*            1    889364   [0.0000]{.ul}     4.3                  [0.0266]{.ul}     2.1    [0.0394]{.ul}   -2.0
                                         *Acetylcholinesterase*   1    890429   0.2075                                 [0.0002]{.ul}     5.2    [0.0120]{.ul}   3.0
                                                                                                                                                                
  **ATP-binding cassette transporter**   *ABC transporter B6*     1    899501   0.4154                                 0.1364                   [0.0217]{.ul}   -1.5
                                         *ABC transporter G1*     7    894746   [0.0059]{.ul}     3.6                  [0.0036]{.ul}     3.9    0.8637          
                                                                       897386   [0.0275]{.ul}     2.6                  [0.0149]{.ul}     2.9    0.8076          
                                                                       894584   [0.0028]{.ul}     3.1                  [0.0234]{.ul}     2.4    0.4505          
                                         *ABC transporter G4*     5    890630   [0.0169]{.ul}     3.0                  [0.0012]{.ul}     4.5    0.3612          
                                                                       890462   [0.0040]{.ul}     3.0                  [0.0303]{.ul}     2.2    0.4574          
                                                                       887291   [0.0153]{.ul}     1.8                  [0.0240]{.ul}     1.7    0.8672          
                                         *ABC transporter G20*    3    895448   [0.0363]{.ul}     2.7                  [0.0322]{.ul}     2.7    0.9565          
                                                                       889472   [0.0278]{.ul}     2.3                  [0.0016]{.ul}     3.3    0.3149          
                                                                       898054   [0.0035]{.ul}     2.5                  0.0525                   0.3148          
                                         *ABC transporter G22*    1    890903   0.0793                                 [0.0371]{.ul}     -1.8   0.7376          
                                                                                                                                                                
  **UDP-glucuronosyltransferase**        *ugt2a2*                 1    888811   0.8406                                 [0.0038]{.ul}     3.3    [0.0069]{.ul}   3.0
                                         *ugt2a3*                 3    893116   [0.0000]{.ul}     24                   [0.0000]{.ul}     10     [0.0149]{.ul}   -2.4
                                                                       893291   [0.0403]{.ul}     1.9                  [0.0000]{.ul}     4.5    [0.0075]{.ul}   2.4
                                                                       889193   [0.0000]{.ul}     5.0                  [0.0001]{.ul}     4.7    0.8671          
                                         *ugt2b1*                 2    893458   0.0724                                 [0.0033]{.ul}     4.6    [0.0000]{.ul}   12
                                         *ugt2b4*                 1    890707   0.0023                                 0.5358                   [0.0173]{.ul}   3.8
                                         *ugt2b7*                 1    889773   [0.0000]{.ul}     5.1                  [0.0001]{.ul}     4.0    0.5203          
                                         *ugt2b13*                3    889322   [0.0006]{.ul}     3.0                  [0.0000]{.ul}     8.4    [0.0009]{.ul}   2.9
                                                                       890271   [0.0052]{.ul}     2.5                  [0.0000]{.ul}     4.5    0.0822          
                                                                       900184   0.3843                                 [0.0033]{.ul}     2.3    [0.0362]{.ul}   1.8
                                         *ugt2b15*                2    895816   [0.0174]{.ul}     2.3                  [0.0001]{.ul}     4.1    0.1111          
                                                                       897252   0.4886                                 [0.0121]{.ul}     2.7    0.0697          
                                         *ugt2b17*                2    899999   0.0689                                 [0.0354]{.ul}     1.7    0.7726          
                                                                       899504   0.4665                                 0.2658                   0.6999          
                                         *ugt2b20*                2    890612   0.1477                                 0.2247                   0.8207          
                                                                       890444   0.6040                                 [0.0394]{.ul}     2.1    0.1209          
                                         *ugt2b31*                1    892660   [0.0000]{.ul}     4.9                  [0.0192]{.ul}     2.0    [0.0035]{.ul}   -2.4
                                         *ugt*                    6    889147   [0.0000]{.ul}     41                   [0.0000]{.ul}     49     0.6762          
                                                                       892938   [0.0141]{.ul}     5.6                  [0.0141]{.ul}     -2.7   [0.0000]{.ul}   -15
                                                                       899032   [0.0000]{.ul}     2.3                  [0.0000]{.ul}     -5.7   [0.0000]{.ul}   -13

When more than three features were present, representatives are shown. P450 genes are named according to classification by Scott *et al*. (2014). The full dataset is available in [S1](#pone.0170935.s001){ref-type="supplementary-material"}--[S3](#pone.0170935.s003){ref-type="supplementary-material"} Tables.

^1^Fold changes were considered significant if p \< 0.05.

^2^Fold change values above zero represent overexpression, while values below zero represent down-regulation in latter strain.

The highest expressed P450 gene was the *cyp4d63*, which was 218-fold and 190-fold overexpressed in 791spin and 766b, respectively. Likewise, *cyp6a24* proved highly expressed in both resistant strains ([Table 2](#pone.0170935.t002){ref-type="table"}). The *cyp313d1* gene represented the second highest expressed P450 gene in 791spin at 43-fold overexpression. This gene is involved in sex determination of houseflies \[[@pone.0170935.ref035]\] and was also found to be overexpressed (13-fold) in 766b. A few P450 genes were significantly down-regulated in resistant flies, including the *cyp4g13* gene. It was down-regulated 6.5- and 42-fold in 766b and 791spin, respectively ([Table 2](#pone.0170935.t002){ref-type="table"}).

Differential expression of glutathione-S-transferase genes {#sec014}
----------------------------------------------------------

Twenty-three sequences related to five GST gene families were observed in the present study ([Fig 1](#pone.0170935.g001){ref-type="fig"}, [Table 2](#pone.0170935.t002){ref-type="table"}). Most of the sequences for *gst1* and *gst2* were significantly overexpressed in resistant flies, ranging from 1.9- to 8.8-fold overexpression in 766b and 2.3- to 62-fold in 791spin compared to WHO-SRS, but one *gst1* contig (895607) was down-regulated in both resistant strains ([Table 2](#pone.0170935.t002){ref-type="table"}).

Differential expression of esterase genes {#sec015}
-----------------------------------------

Three esterase genes and one acetylcholinesterase gene were observed in the dataset, all of which were overexpressed in 791spin, but esterase FE4 and acetylcholinesterase were not overexpressed in 766b ([Fig 1](#pone.0170935.g001){ref-type="fig"}, [Table 2](#pone.0170935.t002){ref-type="table"}).

Differential expression of ABC transporter genes {#sec016}
------------------------------------------------

Seven families of ABC transporters were observed in the dataset, but DEGs between resistant and susceptible flies were only observed for the G family ([Table 2](#pone.0170935.t002){ref-type="table"}). Significantly expressed sequences were all expressed more than 1.7-fold in the resistant strains compared to the reference strain, with the exception of the ABC transporter G22 gene, which was down-regulated in 791spin compared to WHO-SRS, but not different in 766b. No differential expression pattern was observed between the two resistant housefly strains ([Table 2](#pone.0170935.t002){ref-type="table"}).

Differential expression of UDP-glucuronosyltransferase genes {#sec017}
------------------------------------------------------------

In the current study, 14 genes were obtained for UDP-glucuronosyltransferase, primarily of the *ugt2b* subfamily ([Table 2](#pone.0170935.t002){ref-type="table"}). Six genes (*ugt2a3*, *ugt2b7*, *ugt2b13*, *ugt2b31*, *ugt2b33* and *ugt2c1*) were more than 1.9-fold overexpressed in both strains of resistant flies in addition to a single sequence for the general UGT gene, which were more than 40-fold overexpressed in resistant flies. Most of the UGT genes were not different between resistant flies. However, a few contigs were differentially expressed.

Discussion {#sec018}
==========

The high level of uniquely mapped sequences ([Table 1](#pone.0170935.t001){ref-type="table"}) suggests a solid dataset for analysis of differential expression between resistant and susceptible houseflies, which was further ensured by the use of three biological replicates of each strain. Approximately one of four transcripts was a DEG in the resistant strains compared to the susceptible strain. This difference is attributed to strain specific differences originating from different geographic origin, adaptation to laboratory breeding, and in some case the insecticide resistance phenotype. This suggests that the strains are rather similar globally, which correlates with all three strains having adapted to laboratory life over several years. Laboratory adaption could have minimized the differences related to field performance. This would mean that differences that are related to maintenance of resistance or other metabolism processes are still differentially expressed.

In the spinosad-resistant 791spin strain, several genes important for survival of houseflies were found to be highly differentially expressed when they were compared to the susceptible reference strain, including keratin-associated protein 19 and lysozyme 1. Keratins and keratin-associated proteins are important in making strong chitin structures when constructing the cuticle. Lysozymes are part of the innate immune system, where it is capable of damaging the bacterial cell wall, which is protecting the insect against infections. Both of these genes were overexpressed more than 500-fold in spinosad-resistant houseflies. Keratin-associated protein 19 was also overexpressed in 766b flies but not to the same extent as in 791spin. A highly overexpressed DEG in the current study was a gene coding for endothelin-converting enzyme 1. This gene was overexpressed more than 400-fold in resistant houseflies, but not differently between the two resistant strains. This enzyme is involved in the proteolytic processing of endothelins, which in mammals are vasoconstricting peptides having a key role in vascular homeostasis. Many genes coding for cuticle proteins in the three life stages of the housefly were found to be significantly overexpressed. The high level of genes related to the cuticle, such as adult cuticle protein and keratin-associated protein 19 observed in this dataset, suggests the cuticle in resistant flies is more resilient than that found in susceptible flies.

Both resistant strains have been in a laboratory setting for more than ten years, while maintaining the initial resistance levels. The RNA used for the present experiments are the same used earlier \[[@pone.0170935.ref030]\] and subsequently stored at -80°C. Here, the real-time qPCR experiments were confirmed by the present RNAseq data, and trends observed by RNAseq were equal to qPCR trends showed earlier. Overall, gene expression of the two resistant strains is similar, only 15% were DEGs. Likewise, most of the genes associated with metabolism were similar in the two resistant strains. However, some differences were observed when comparing the two strains, especially for the P450 genes. Cytochrome P450 enzymes are present in large numbers and have a wide substrate spectrum, causing them to be ideal candidates for metabolic insecticide resistance whether due to a single P450 or multiple P450s causing resistance when combined \[[@pone.0170935.ref036]\]. The 766b strain is resistant to neonicotinoids, but susceptible to spinosad, while 791spin is the opposite; raising potential for identification of specific P450 genes related to either of the resistance profiles. Genes, which are highly expressed in 766b but not so in 791spin, might be important in neonicotinoid resistance and vice versa for spinosad resistance. In order for a gene to be a candidate for resistance, it must be higher expressed in the resistant strain compared to the two susceptible strains. However, a spinosad resistance candidate gene might be slightly higher expressed in 766b than in WHO-SRS despite both strains being susceptible to spinosad. This is due to WHO-SRS being very susceptible due to more than 40 years in laboratory breeding without selection. The same is the case for neonicotinoid resistance genes being slightly overexpressed in 791spin compared to WHO-SRS. By assessing the pattern in [Fig 2](#pone.0170935.g002){ref-type="fig"}, possible P450 candidates responsible for neonicotinoid and spinosad resistance can be identified. The overexpressed P450 genes observed in [Fig 2](#pone.0170935.g002){ref-type="fig"} are from diverse P450 families, indicating a complex involvement of multiple P450s in neonicotinoid and spinosad resistance.

In 766b, some genes shown earlier to be of importance in resistance as well as some additional P450 genes were overexpressed when compared to the reference strain WHO-SRS and the imidacloprid-susceptible 791spin strain. These include *cyp4g98* and *cyp6g4*. The *cyp4g98* gene was 9.2-fold and 8.1-fold overexpressed in 766b compared to WHO-SRS and 791spin, respectively. This indicates a role of *cyp4g98* in neonicotinoid resistance. A similar pattern was seen for the spinosad-resistant 791spin strain, where *cyp4d9* was overexpressed compared to spinosad-susceptible strains. In fact, the *cyp4d9* gene was overexpressed in both resistant strains, but less that 5-fold in 766b and 36-fold in 791spin and more than 8-fold compared to WHO-SRS and 766b, respectively. This gene might be the next step in understanding spinosad resistance.

More than half of the P450 genes tested here were not different between the two resistant strains, indicating that the two strains are similar in many ways in terms of genetic background as well as the WHO-SRS proving a very susceptible reference strain.

Earlier work done on the three housefly strains described here showed differential gene expression for a range of P450 genes. These include *cyp4g2*, *cyp6a1*, *cyp6d1*, *cyp6d3* and *cyp6g4* \[[@pone.0170935.ref026], [@pone.0170935.ref030], [@pone.0170935.ref037]\]. In the present study the same RNA samples were used enabling us to compare qPCR and transcriptome data. Here, we also found all the *cyp6* genes to be overexpressed in resistant flies, while *cyp4g2* did not differ significantly from WHO-SRS in 791spin.

The CYP4G1 enzyme from *Drosophila* plays a key role in restriction of water loss during development, ultimately protecting insects against dehydration \[[@pone.0170935.ref038], [@pone.0170935.ref039]\]. The housefly ortholog *cyp4g2* is inducible by permethrin in the resistant ALHF strain, indicating a minor role for *cyp4g2* in permethrin resistance of this strain \[[@pone.0170935.ref040]\]. The *cyp4g2* gene is located on chromosome III, just like the male-determining factor of 791spin, and has been found to be overexpressed in resistant flies \[[@pone.0170935.ref029], [@pone.0170935.ref030]\]. Since *cyp4g2* is not overexpressed in 791spin in the current study, it seems not be involved in 791spin resistance despite it being the best P450 candidate tested earlier. From the same family, the *cyp4d63* gene was almost 220-fold and 190-fold overexpressed in 791spin and 766b flies compared to the reference strain, being the highest P450 DEG. The *cyp4g63* gene is the housefly ortholog to the *cyp4d8* gene from *Drosophila melanogaster* \[[@pone.0170935.ref031]\] and was found to be increased upon selection with the toxin α-amanitin, which is produced by poisonous mushroom species \[[@pone.0170935.ref041], [@pone.0170935.ref042]\]. The high expression level in resistant flies of *cyp4d63* raises the potential of this gene as a general metabolism gene. Furthermore, other genes were found to be highly expressed in both 791spin and 766b flies, including *cyp6a24*, *cyp12g2* and *cyp313d1*, all of which were expressed more than 13-fold in resistant flies, but not differentially expressed between resistant strains. More work focusing on highly expressed genes obtained in the present study might get us closer to find major players in general resistance against insect neurotoxins in houseflies.

The *cyp6a1* gene was the first insect P450 to be isolated \[[@pone.0170935.ref043]\] and was overexpressed in the resistant Rutgers and LPR strains \[[@pone.0170935.ref025], [@pone.0170935.ref044]\] as well as in resistant Danish housefly strains, including 766b, 791a and 791spin \[[@pone.0170935.ref025], [@pone.0170935.ref026], [@pone.0170935.ref030], [@pone.0170935.ref037]\]. The slight overexpression of *cyp6a1* in both resistant strains of the current study and the lack of difference between the two strains suggest that *cyp6a1* is not of importance in spinosad or neonicotinoid resistance.

The *cyp6d1* gene is overexpressed in flies resistant to pyrethroids and neonicotinoids \[[@pone.0170935.ref026], [@pone.0170935.ref045]--[@pone.0170935.ref047]\]. The *cyp6d1* gene appears to be involved in male neonicotinoid resistance in 766b, while female resistance seems to be linked to overexpression of the related *cyp6d3* gene \[[@pone.0170935.ref026]\]. An overexpression of *cyp6d1* and *cyp6d3* has been observed earlier in spinosad-treated 791spin flies compared to WHO-SRS flies \[[@pone.0170935.ref025], [@pone.0170935.ref030]\]. In the current study, both genes were overexpressed in resistant flies, which correlate with the former studies.

The *cyp6g4* gene is a potential housefly ortholog of *Drosophila cyp6g1* gene (60.7% identity), which has been associated with neonicotinoid resistance \[[@pone.0170935.ref048], [@pone.0170935.ref049]\], and *cyp6g4* is hypothesized to have a similar function. This gene was overexpressed in pyrethroid-resistant populations and was hypothesized to be contributing to pyrethroid resistance of adult Chinese houseflies \[[@pone.0170935.ref050]\]. The *cyp6g4* gene was overexpressed more than 10-fold in 766b and 5-fold in 791spin compared to the reference strain, in both earlier and current studies, with a significant overexpression in 766b. Clear overexpression of *cyp6g4* in 766b has now been observed by two methods, both suggesting a role in neonicotinoid resistance.

Most of the P450 genes were up-regulated in resistant flies, but a few genes were significantly down-regulated compared to the reference strain. The *cyp4g13* gene was down-regulated 41-fold in 791spin and 6.5-fold in 766b in comparison with WHO-SRS. This gene was also included in a study of laboratory adaption in a newly-collected field strain and was not altered much over time \[[@pone.0170935.ref051]\]. The present and former studies suggest that *cyp4g13* and other P450 genes not significantly expressed in resistant strains have a more general role in houseflies, not related to resistance. The observed picture for expression of P450 genes is quite complex, which was emphasized in [Fig 1](#pone.0170935.g001){ref-type="fig"} where multiple genes were highly overexpressed and not just a single P450 gene could be named responsible, unlike that seen in several insect species, such as pyrethroid resistance in pollen beetles or DDT resistance in *Drosophila* \[[@pone.0170935.ref052], [@pone.0170935.ref053]\].

GSTs are important detoxification enzymes which can cause resistance to insecticides \[[@pone.0170935.ref054]\] and provide protection against oxidative stress \[[@pone.0170935.ref055]\]. A high level of GST activity has been found in 791a, the parental strain of 791spin, along with other laboratory strains and some field strains \[[@pone.0170935.ref056]\], indicating an effect in resistance. Most of the GST genes in the current study were overexpressed in resistant flies, with the highest level in 791spin. The overexpression of GST genes in resistant flies could suggest a role of GSTs in resistance, especially for *gst1* in spinosad resistance. However, concerning *gst1* we had an interesting observation; the expression of one contig is down-regulated, whereas other *gst1* contigs has increased their expression. This could be explained by changes in differential splicing or more detailed regulation of expression within the gene family.

The family of esterase enzymes can hydrolase ester bonds, which are present in a wide range of insecticides, including organophosphates, pyrethroids and spinosad, but not imidacloprid \[[@pone.0170935.ref015]\]. Work done on Chinese houseflies has shown importance of esterases for spinosad resistance \[[@pone.0170935.ref057]\]. In the housefly, esterases are also affected by PBO, which could cause some of the synergist effect observed in earlier work on 791spin \[[@pone.0170935.ref025]\]. Here, we found four esterase genes all significantly overexpressed in 791spin. The esterase B1 and esterase 5A genes were slightly overexpressed in 766b. Esterase FE4 might have a slight impact on spinosad resistance, but based on the data obtained here esterases are not of major importance for spinosad and neonicotinoid resistance.

Insect UGTs have been shown to play a role in both inactivation and excretion of compounds. Furthermore, UGTs might also play a role in cuticle formation \[[@pone.0170935.ref058]\] and resistance in the tobacco budworm \[[@pone.0170935.ref059]\]. Here, overexpression of several UGT genes were observed in the two resistant strains, up to 49-fold for the general UGT gene in 791spin, indicating that UGTs could have a role in unspecific insecticide resistance. However, other sequences related to the same gene were down-regulated for 791spin, so the expression pattern is quite diverse, making sound conclusions difficult.

In recent years, importance of ABC transporters in resistance have been suggested \[[@pone.0170935.ref018]\]. Eukaryotic ABC transports are related to efflux of toxic compounds, while bacterial ABC transporters also can function in influx of compounds \[[@pone.0170935.ref018]\]. Furthermore, most of the ABC transporters associated with the efflux of pesticides belong to the subfamilies ABCB and ABCG for the malaria vector *Anopheles stephensi* \[[@pone.0170935.ref060]\]. Those are the two families which are represented in our data set. However, only moderate overexpression of ABC transporters in resistant strains was observed here, indicating that ABC transporters are of minor importance in spinosad and neonicotinoid resistance in Danish houseflies.

In addition to metabolism associated genes, gene expression of other genes were also analyzed, such as genes related to receptors and stress. The primary site of action for both spinosad and neonicotinoid insecticides is different subsets of the nACh receptor. No general trend of overexpression was observed for nACh receptor subunit genes for either 791spin or 766b. A small effect of spinosyn A has been observed for the voltage-gated calcium channel earlier \[[@pone.0170935.ref061]\] and in the current study we did observe single sequences coding for the *vgccα2δ3* and *vgccβ4* subunits, which were 5.4-fold and 4.5-fold overexpressed in 791spin flies, respectively. However, in general just small changes in receptor and ion channel genes were observed between the three strains of the current study, indicating little importance of these genes in describing the resistance mechanisms of 791spin and 766b.

Højland *et al*. (2014a) tested changes in expression of multiple genes, which occur when a field strain is adapting to a laboratory setting. Among those genes were the enzyme superoxide dismutase (SOD), which is important for the antioxidant defense and linked to the xenobiotic response \[[@pone.0170935.ref062]\] and the antibacterial peptide attacin which is part of the non-specific insect immune system \[[@pone.0170935.ref063]\]. Both of these genes had a drastic decrease in gene expression over time (approximately two years), representing little use of either of these genes in a laboratory setting \[[@pone.0170935.ref051]\]. All three strains mentioned in the present study have adapted to the laboratory for more than ten years, so it is not surprising that differences in gene expression of defense genes between these three strains were limited.

Several experiments are upcoming in order to unravel the complex, gene expression-driven, metabolic insecticide resistance mechanisms; i) based on the recently published housefly genome \[[@pone.0170935.ref031]\] common gene regulatory motifs based on the promoter regions of housefly detoxification genes should be elucidated and have been initiated on a small scale \[[@pone.0170935.ref064]\], ii) metabolomics studies of insecticide detoxification pathways, iii) functional studies of the catalytic activities of individual housefly detoxification enzymes are warranted, as well as iv) RNAi and/or transgene manipulation of detoxification genes, but the latter two experimental methods are not well established in the housefly.

Conclusions {#sec019}
===========

The data we observe are strain specific expression patterns originating from the field history of the strains, their resistance profiles as well as their adaptation to laboratory breeding. We found a high expression of certain P450 genes believed to be of interest. Most of the P450 genes were not differentially expressed between resistant strains, but a few showed strain-specific expression patterns. For 766b, those genes were *cyp4g98* and *cyp6g4* and for 791spin, *cyp4d9* was overexpressed compared to spinosad-susceptible strains. These genes might be the next step in understanding imidacloprid and spinosad resistance in houseflies.

GST genes were overexpressed in both resistant strains, but with a possibly more dominant role in 791spin. Members of the ABC transporter G subfamily seem to have small roles in general resistance as these were overexpressed in resistant strains. The importance of UGTs in insecticide resistance is less clear based on our data. The work supports previous work by the authors showing an up-regulation of several metabolism-associated genes in combination with a robust cuticle instead of upregulation of a single gene being the sole contributor to resistance. However, the exact mechanism behind the biochemistry of the observed spinosad and neonicotinoid resistance as well as the molecular mechanism creating the changed up-regulated detoxification system causing a complex resistance profile still remains to be elucidated.
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